This study aimed to investigate the antibiotic concentration at each stage of treatment and to evaluate the removal efficiency of antibiotics in different types of secondary and advanced treatment, as well as the effects of the location of their discharge points on the occurrence of antibiotics in surface water. Eight target antibiotics and four hospital wastewater treatment plants in Bangkok with different conventional and advanced treatment options were investigated.
INTRODUCTION
Antibiotics are considered as synthetic substances (Aminov ) which are administered for treating infection, in animals feeding operations, and in aquaculture (Segura et al. ) . In the environment they are generally resistant to biodegradation, and thus can be considered as pseudopersistent compounds ( Ma & Zhang ) . Over the last decade, the presence of antibiotics has been frequently detected in natural sources of water and wastewater treatment plants. Wastewater treatment plants act as point sources for the aquatic environment (Kim & Aga ) and play an important role in the life cycle of antibiotics. It is not surprising that antibiotics are routinely present at detectable concentrations in surface and ground water, treated wastewater, biosolids, soils, and sediments (Miège et al. ; Monteiro & Boxall ) , and although in many cases these concentrations are sub-inhibitory, they have been linked to global proliferation of antibiotic-resistant strains of bacteria and the diminished effectiveness of human therapeutic drugs. In this sense, the continued detection of antibiotics in the natural environment is cause for concern.
Hospitals have been considered to be important sources of released emerging contaminants such as antibiotics (Verlicchi et al. ) in the water environment. Brown et al. () found that the occurrence of antibiotics in hospital wastewater treatment plants (hWWTPs) was 400-2,100 ng/L for sulfamethoxazole and 850-2,000 ng/L for ciprofloxacin in the USA. In Greece, the sulfamethoxazole concentration from influent of hWWTPs was 122.2-2,626.3 ng/L and 12.7-2,170.4 ng/L for influent of urban wastewater treatment plants (Kosma et al. ) . In China, Chang et al. () studied antibiotic contamination at hospitals, nurseries, and slaughterhouses. They found the concentration of sulfamethoxazole was 17-157 ng/L and ciprofloxacin concentration was between 11-458 ng/L.
As conventional treatment systems are not successfully removing all antibiotics (Brown et al. ; Watkinson et al. ) , the combination of secondary with advanced treatment provides better removal (Homem & Santos ) . The removal of sulfonamide and cephalosporin by secondary treatment was 20-82% and 36-100% (Lin et al. ) , respectively. Antibiotic removal by constructed wetlands was 18-39% for clarithromycin, and 59-80% for sulfamethoxazole (Hijosa-Valsero et al. ) . In Thailand, Tewari et al. () found that the concentration of ciprofloxacin was 66-382 ng/L at influent and 12-231 ng/L for effluent and sulfamethoxazole was 3-30.5 ng/L at influent and 2.5-89 ng/L for effluent from Bangkok centralized wastewater treatment plants with removal of 40-89% and not removed for ciprofloxacin and sulfamethoxazole, respectively. However, there is no information regarding the contamination of antibiotics from hospital wastewater, nor its impact on the natural environment in Thailand. Therefore, this study aimed to investigate the antibiotic concentration at each stage of treatment, and to evaluate and compare the removal efficiency of antibiotics in different types of secondary and advanced (disinfection) treatment. Moreover, the change of antibiotic concentration at upstream and downstream affected by effluent from hospital wastewater treatment systems was also analysed.
MATERIALS AND METHODS

Chemicals and standards
The following eight antibiotics, selected for study according to dispensation frequency in hospitals and their degradation in wastewater treatment plants, were purchased from Sigma-Aldrich (St Louis, MO, USA): dicloxacillin sodium (DX) (99.4%), piperacillin (PC) (!77%), cefalexin (CF) (95.0%), cefazolin sodium (CZ) (89.1%), clarithromycin (CM) (95.0%), ciprofloxacin (CP) (98.0%), metronidazole (MD) (99.8%), and sulfamethoxazole (ST) (99.6%). Individual standard solutions of compounds (200-250 mg/L) were prepared in methanol, stored at À20 W C, and were prepared fresh monthly with the exception of CP, which was prepared in formic acid/ultrapure water (UPW) mixture ( 
Sample collection and pre-treatment conditions
Four selected hWWTPs (H1, H2, H3, and H4) in Bangkok, Thailand, with different conventional and advanced treatment (disinfection) options were investigated. Their treatment systems and capacities are shown in Table 1 . Process flow diagrams and sampling points of each treatment plant are shown in Figure 1 . Samples were collected on 5 August 2014 for plants H1 and H2 and on 29 August 2014 for plants H3 and H4. Grab sampling was applied for sample collection, and each sample was fully collected in a 1.5 L PET (polyethylene terephthalate) bottle. In pre-treatment conditions, all samples were adjusted to pH 3 by ascorbic acid, used for neutralizing the chlorine. Chlorine is used as an oxidizing agent in disinfection units for hospital wastewater treatment plants as well as water treatment plants in Thailand. After sample collection for each hWWTP, the samples were stored in coolers, protected from light, and transported to the laboratory. After arrival at the laboratory, all samples were immediately filtered by vacuum filtering through a glass fibre filter with pore size 1 μm (GF/B, Whatman, UK), then 1 g/L of Na 2 EDTA and 1 g/L NaCl were added as chelating agents to prevent the formation of divalent ions, which can bind with antibiotics (Kolpin et al. ) . Then the samples were stored at below 4 W C in a refrigerator until extraction. 
Sample extraction
The sample extraction method applied was adapted from Ghosh (). Before extraction, 200 mL of influent; 500 mL of equalization, aeration, return sludge and mixing; and 1,000 mL of other sampling points from collected 1.5 L samples were adjusted to pH 4 by NaOH. SPE of each sample was performed using Oasis HLB plus cartridges which were preconditioned with 6 mL of methanol (MeOH) and 6 mL of pH 4 UPW. Samples were then loaded and passed through the cartridges at a flow rate of 5 mL/min. After loading, 2 mL of pH 4 UPW was used to wash cartridges and remove their impurities and excess of Na 2 EDTA (Ghosh ). Then, the eluent was discarded. Vacuum drying was applied for 10-15 min to remove excess of moisture in the cartridges. After drying in the vacuum manifold, all samples were eluted with 6 mL MeOH. The eluted samples were dried completely with high purity nitrogen gas at 40 W C. Then, each dried sample was reconstituted with 1 mL of 9:1 MeOH and 0.1% formic acid in UPW. The final extracted samples were transferred to 2 mL vials for analysis by high performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS).
Quantification analysis: high performance liquid chromatography-tandem mass spectrometry
Separation was performed using an Agilent 1200 SL high performance liquid chromatograph coupled with the Agilent 6410 Triple Quadrupole MS equipped with an electrospray ionization source (Agilent Technologies, USA). HPLC columns consisted of a series of a protective guard column, Agilent Eclipse Plus C 18 (12.5 × 4.6 mm, 5 μm particle size), and an analytical column, Agilent Eclipse Plus C 18 (100 × 2.1 mm, 1.8 μm particle size). The separation was accomplished with a binary gradient of acetonitrile (solvent A) and 0.1% formic acid with 2 mM ammonium acetate in UPW (solvent B) at a flow rate of 0.3 mL/min. Column temperature was maintained at 40 W C and the sample injection volume was 10 μL. The binary gradient composition at the beginning of the chromatographic gradient condition was: 0-5 min: 90% A; 5-7 min: 90-85% A; 7-11 min: 85-80% A; 11-15 min: 80-60% A; 15-20 min: 40-5% A; 20-25 min: maintained at 5% A; 25-34 min: back to initial condition; 34-44 min; equilibrium of column was maintained. Desolvation temperature was 300 W C. Desolvation gas flow was 10 L/h. Capillary voltage was 3,500 V. All individual antibiotics were analysed in positive mode.
Detection, quantification, and quality control
External calibration curves of the eight antibiotics using six points standard solution between 5 and 400 μg/L were constructed for quantification. Limit of detection (LOD) and quantification (LOQ) of the measurement method were defined as the concentration with signal-to-noise ratios (S/N) equal to 3:1 and 10:1, respectively. The measurement method was then validated by spiking 200 μL of 250 μg/L mixed antibiotics standard solution into 200 mL wastewater samples. Average recoveries and relative standard deviation (RSD) for each antibiotic are summarized in Table 2 . Five replicates for wastewater samples were performed. The overall recovery percentages of target antibiotics were between 66 and 127%, and their precision (RSD) ranged from 2.74 to 20.82%. HPLC-MS/MS conditions, LOD, LOQ, recoveries, and precision of the measurement method are shown in Table 2 .
RESULTS AND DISCUSSION
Occurrence of individual antibiotics in influent and effluent of hWWTPs
The average concentration of each antibiotic at influent and effluent is shown in Figure 2 . The average concentration range at influent was 213.14-5,763.90 ng/L. The top three highest antibiotic concentrations at influent were CZ, PC, and CP, while ST, CP, and CM were the top three antibiotics with regard to highest concentration at effluent. However, the ST concentration at influent was lower than the ST concentration at effluent because of the difficulty of ST removal by conventional treatment (Gao et al. ) . Table 3 shows the detail for each plant. It was found that ST could be partly removed in plant H1, H2, and H4. On the other hand, ST effluent concentration was higher than influent concentration at plant H3. As indicated in Table 3 , the concentration of PC at influent of plants H1 and H2 was higher than concentration of PC at influent of plants H3 and H4, and concentration of CZ at influent of plants H1 and H2 was lower than concentration of PC at influent of plants H3 and H4. This would be due to the different dispensing and use of antibiotic in each hospital. In this study, the concentration of CP was between 9.28 and 6,707 ng/L. CP levels found in other countries were 3,600-101,000 ng/L in Sweden ( 
Efficiency of antibiotic removal in the liquid phase of hospital wastewater
Antibiotic removal efficiency by secondary and advanced treatment is shown in Figure 3 . Some antibiotics were effectively removed in secondary treatment, but some of them required advanced treatment. DX, PC, CF, and CZ were almost completely removed in the secondary treatment (plants H1 and H2). For secondary treatment of wastewater treatment plants in Taiwan, Lin et al. () found that the removal of CF and CZ was 36-100%, for which the influent concentration was much lower than influent concentration in this study. DX and PC were not successfully removed in plants H3 and H4 when compared with the secondary treatment of plants H1 and H2. CF and CZ were well removed (over 93%) by secondary treatment in all hWWTPs. The CP removal efficiency by secondary treatment was over 80%. However, the removal of CP was 5.41 and 7.85% using the chlorination process in plants H1 and H4, which are higher than by UV (0.5 and 0.2%) in plants H2 and H3. Total removal efficiency of CP in this study was similar to the results found by Chang et al. () in which total removal efficiency of CP was 78% in the sewage from hospitals, nurseries, slaughter houses, and wastewater treatment in China. ST was removed by secondary treatment in plants H1, H2, H3, and H4, at 54.95, 66.51, À32.93, and À44.21%, respectively. The removal of ST by advanced treatment at plants H1, H2, H3, and H4 was 15.95, 12.54, À32.93, and 50.92%, respectively. Removal efficiency of ST was still unclear, but chlorination in this study provided higher ST and CP removal rates. In Greece, the removal of ST in hospitals and municipal wastewater treatment ranged between 58 and 99% (Kosma et al. ) . In other studies, ST had been reported to be easily biodegraded (Li & Zhang ) . The removal efficiency of CM during secondary treatment in plants H1, H2, H3, and H4 was 65.48, 96.24, 74.99, and 89.37%, respectively. For advanced treatments, CM removal efficiencies in plants H1, H2, H3, and H4 were 11.92, À0.26, À2.88, and 1.45%, respectively, suggesting that CM was removed by chlorination rather than UV. A possible explanation for the antibiotic removal efficiency by chlorination being higher than UV was the reduction of UV performance during the operation (Homem & Santos ) . MD was well removed by secondary treatment at plants H1, H2, and H3. However, MD was less completely removed (43.11%) using the rotating biological contactor (RBC) system at H4, and only 21.54% could be removed by chlorination. The RBC system showed the lowest performance in the treatment of DX and MD. In addition, it was noticed that for the operation of plant H3, sludge never released out from the system. It might be the reason that is why the removal of ST of this plant was negative.
Hydraulic retention time of plant H1 and H2 was 2.2 and 12.8 hour, respectively; both plants use the same secondary treatment option. As a result, the removal of antibiotics of plant H2, including PC, CP, CM, and MD, was better than plant H1.
Behaviour of antibiotics in the treatment processes Figure 4 shows the concentration (C ) of CP and ST changing during treatment processes compared with influent concentration (C 0 ), expressed as C/C 0 . For quinolone (CP), after the sludge was mixed with influent, the concentration of CP fluctuated. Especially in plant H1, the concentration of CP at the equalization tank increased after influent wastewater was mixed with the return sludge. Moreover, CP concentration in the return sludge in plant H1 was greater than that at influent. The possible reasons for this fluctuation of concentrations in the return sludge could be the accumulation of organics in the sludge (Smith ) and the desorption of antibiotics from solid phase to liquid phase ( Jia et al. ) .
ST concentration level also fluctuated at each treatment step. The C/C 0 of ST was greater than 1 in plants H3 and H4, which use sequencing batch reactor (SBR) and RBC treatment options. However, ST concentration was partially removed in plant H1 and H2, which used extended aeration for secondary treatment. The different treatment systems resulted in different treatment performance for treating antibiotics, especially ST. Another reason could be the different quality control of the system in each plant. In plant H3, sludge remained in the SBR system; as a result, the concentration of ST significantly increased in each process, as shown in Figure 4 . This indicates that sulfonamide was possibly adsorbed by the sludge (Yang et al. ) and accumulated in the treatment system of the SBR process.
Fluctuations of CP and ST concentrations were found during the treatment processes. Therefore, in the future, CP and ST contaminations in sludge should be considered for further study.
Effect of effluent discharging into surface water
The effluents of plants H1, H2, and H3 are directly discharged into the surface water. The overall concentrations at influent, downstream, and upstream of plants H1, H2, and H3 are shown in Table 4. ST and CM were detected in all surface water samples of each plant. ST presented the highest concentration (575.23 ng/L) in the effluent as well as downstream of the discharge point. Antibiotic concentrations detected in the surface water of plant H1 were between 1.09 and 32.18 ng/L and 0.82 and 2.72 ng/L for plant H2. In plant H3, antibiotic concentrations detected had the widest range, 3.58-575.23 ng/L. In Taiwan surface water, Batt et al. () found that effluent discharge was related to the CP and ST concentration in the natural stream. CP and ST concentration range was 31-360 ng/L and 43-450 ng/L, and ST was present at maximum concentration in the surface water.
Most of the antibiotic concentrations present in the surface water were lower than those present in effluent concentrations. However, the concentration of CZ downstream of plant H1 was 32.18 ng/L, which was higher than the effluent concentration. Moreover, concentrations of DX upstream and downstream of plant H3 were 22.52 and 274.42 ng/L, respectively, which were higher than the effluent concentration of plant H3. The results from this study revealed that there were other external sources contributing to antibiotic contamination (CZ and DX), such as domestic wastewater treatment plants and disposal (Tewari et al. ) . In addition, antibiotics being dispensed in Thailand are not controlled, in that people can purchase antibiotics from pharmacies without a prescription (Chalker et al. ; Apisarnthanarak & Mundy ). Moreover, only 52.59% of wastewater from households in Bangkok was treated as of 2013 (Buathong et al. ) . This would also affect the antibiotic concentrations in the surface water.
The results from this study show that antibiotic residues have an important role in the contamination of surface water.
CONCLUSIONS
The occurrence of antibiotics from hospitals was between 1.50 and 13,166 ng/L. Antibiotics concentration at the influent depends on the amount of antibiotic dispensed in each hospital. Antibiotics concentration at each stage of the treatment, including secondary and disinfection treatment, was decreasing except for ciprofloxacin and sulfamethoxazole, which fluctuated between the treatment processes. For most antibiotics removal by secondary treatment in this study, extended aeration was better than other options. Hydraulic retention time and antibiotics concentration at the influent also affected the removal efficiency. For antibiotics removal by disinfection treatment, chlorination provided higher efficiency than UV to remove some antibiotics because the microorganisms destroyed by UV could release antibiotics to effluent.
The results from this study revealed that effluent wastewater from hospitals acted as one of the important point sources of antibiotic contamination in the surface water. On the other hand, in one monitoring point (H3), occurrence of dicloxacillin and cefalexin antibiotics in upstream surface water was higher than effluent concentration, suggesting that there are external point or non-point sources also being discharged to the surface water. Fate and transport of antibiotic life cycle from all sectors need to be further studied.
